Abstract -Organizations must improve or at least maintain the quality of their products to be competitive in today's market. Thus, developing a new approach which could utilize more information from the production process has become an inevitable quality improvement program for each organization. In current study, a fuzzy mean and range control charts were developed to monitor the production process. Fuzzy control charts could handle the uncertainty due to vagueness, ambiguity and/or incomplete information in addition to the inherent uncertainty due to randomness in quality characteristic measurements. The proposed fuzzy control charts were validated through a case study at the chicken nugget production company by collecting data from the factory floor and comparing it to the traditional Shewhart control charts which have been already applied by the factory for monitoring the process. The results reveal that the proposed fuzzy control charts could detect abnormal shifts in the production process more accurately than the traditional Shewhart control charts, as they had used more information from the process. The proposed approach has several benefits for the company by improving the quality and increasing the productivity.
I. INTRODUCTION
Increased consumer awareness and new legislative demands on food production systems have resulted in significant efforts in control measurement, assurance system and quality improvement in different food sectors all over the world [1] [2] [3] [4] . Therefore, automation measurement system has been developed widely to measure and control the final quality characteristic of the process and foods. But, in practice, operators often play an important role and cooperate with automation so as to make on-line evaluations of the sensory properties of the product and/or adjust the on-line process [5] . Consequently, the combination of operator and expert skill with the automation system result in uncertainty due to vagueness, imprecision and incomplete information in the quality characteristic measurement. So, it is necessary to use a mathematical model which considers the uncertainty due to vagueness, imprecision and incomplete information in addition to the inherent and natural uncertainty due to randomness. As the probability theory is a popular and general technique to deal with uncertainty due to randomness, fuzzy sets and possibility theory which has been introduced by Zadeh [6, 7] is a proven mathematical model to deal with this kinds of uncertainty.
Assurance system and statistical process control are common practice in the food industry and well established [8] . Statistical process control (SPC) is a well-known methodology for quality improvement through monitoring the process and identifying causes of variation [9] . One of the basic quality improvement tools of SPC is control charts, also known as Shewhart charts. According to Montgomery [9] , control chart is a graphical display of a quality characteristic that has been measured or computed from a sample versus sample number or time. Shewhart control charts only consider uncertainty caused by randomness while in some situations such as automation measurement systems, uncertainties caused by vagueness, ambiguity, and/or incomplete information are also observed. One may consider using fuzzy set and possibility theory to deal with uncertainty due to fuzziness. Several researchers attempt to use fuzzy set theory in the area of SPC and control charts [10] [11] [12] [13] [14] [15] [16] [17] . All of the these approaches transform the fuzzy observations and also fuzzy control limits to a crisp value to determine the process condition, but this procedure may reduce useful information from the process and it seems to be better to determine the process condition directly and without any transformation. Gulbay and Kahraman [18] proposed an alternative approach known as direct fuzzy approach to monitor the vague number of nonconformities in the manufacturing processes. They use the percentage of area of the fuzzy sample mean which remains outside the fuzzy control limits to determine the process condition instead of applying transformation techniques.
The objective of this article is to introduce a fuzzy X R − control charts which monitor processes with both kinds of uncertainty in quality characteristic measurement without using any transformation techniques, and validate the proposed fuzzy control charts through a case study at the chicken nugget production company by collecting data on the factory floor II. MATHEMATICAL MODEL In this section basic concepts of fuzzy numbers and proposed fuzzy X R − control charts would be introduced.
A. Fuzzy Numbers
A fuzzy number refers to an extension of a regular number in a way that it does not refer to one single value but rather to a connected set of possible values where each possible value has its own weight between 0 and 1. The weight is referred to as membership degree. In this study, the triangular fuzzy number would be considered. Equation (1) 
B. Fuzzy Mean and Range ( X R − ) Control charts
In this study, each observation is considered as a triangular fuzzy number (  ,  ,  ) ;
where m is the number of subgroup and n is the sample size in each subgroup. If
is a sample of n fuzzy observations in subgroup i, then ( , , )
the average of each sample, is
And the range of the subgroup i is ( , , )
To set up a fuzzy X control chart, first; R R R R = should be calculated by using (6). , ,
Then, fuzzy X control limits could be obtained by using (7), (8) and (9). 
And the fuzzy control limits of the R chart are obtained by means of (10), (11) and (12).
C. Determining the process condition
The calculation of the percentage of the area (PA) of fuzzy observation ( i X ) above UCL or below LCL which proposed by Gulbay and Kahraman [18] is selected to determine whether the process is in control or out of control. In this approach, if i X or i R are completely between the fuzzy control limits then PA is equal to zero and the process is in-control (Fig. 1a) . If i X or i R are completely above or below the fuzzy control limits then PA is equal to 1 and the process is out-of-control (Fig.  1b) . If i X or i R are partially above or below the fuzzy control limits then 0<PA<1 and could be calculated by Proceedings of the 2014 IEEE IEEM using (13) . In this case, if PA is greater than the acceptedout-of-control-level (Ȗ), then the process is rather out-ofcontrol otherwise the process is rather in-control (Fig.  1c) . The value of Ȗ directly affects the type I and type II error and should be determined carefully by the top management or quality engineers. 
III. CHIKEN NUGGETS In U.S., chicken consumption has increased nearly every year since the mid 1960's, while red meat consumption has steadily declined. In particular, the consumption of chicken reaches 25 trillion pound or more than %27 of total meat consumption in 2012 (Statistics, The National Chicken Council). Thus, efficient manufacturing of chicken product is of substantial important. Fried chicken has become one of the most common and generally worldwide acceptable products of chicken. A popular kind of fried chicken is chicken nuggets which made from either meat slurry or chicken breasts.
A. Nugget Preparation
Chicken nuggets were prepared using chicken breast meat. The portion of ingredients and the production process are based on ISIRI 9869 [20] . The chicken nugget production process consists of forming, coating (batter breading and powder breading), frying, cooking with hot steam in an oven, freezing and packaging. 
B. Nugget's Quality Characteristics
The basic quality factors in chicken nuggets are texture, moisture, oil contents, porosity, color, taste and nutrition [21] . In each step of producing the chicken nuggets, one or several quality characteristics are measured and control. Frying and cooking are the most important steps which directly effects on texture [22, 23] , moisture [24, 25] , porosity [26] , color [27] and taste. In cooking step, cooking time, oven temperature and internal temperature of commodity are measured and monitored. In practice, a thermometer is inserted into the middle portion of baked nuggets to determine the internal temperature of chicken nuggets. However, uncertainty due to imprecision, ambiguity and incomplete information in addition to uncertainty due to randomness arises in measuring the internal temperature because of measurement error, environmental condition, imprecise specification limits and costly skilled inspectors.
III. RESULTS AND DISCUSSION
In this section, a case study at the chicken nugget Production Company located in Iran (Shiraz) is introduced to validate the proposed fuzzy control charts by collecting data on the factory floor. In nugget preparation, cooking time, oven temperature, dew point and internal temperature of commodity are four important parameters in cooking step. In this study, cooking time, oven temperature and dew point are set at 5 min, 110 ƕ C and 95%, respectively. Internal temperature of commodity is measured through a thermometer. According to ISIRI 9869 [20] , internal temperature of commodity must reach at least 72 ƕ C. However, high internal temperature also negatively resulted in the quality of chicken nugget. As an example, high internal temperature of commodity results in losing the moisture and losing the moisture leads to losing weight and changing the standard taste. Thus, in this study a standard of 75 ƕ C is defined for the internal temperature of the commodity and would be monitored through control charts.
Measuring the internal temperature of the commodity via thermometer is always done with uncertainty due to imprecision, ambiguity and incomplete information. To handle this kind of uncertainty, the inspectors were trained to record the internal temperature in form of triangular fuzzy numbers ( , , ) a b c X X X . To construct a fuzzy X R − control charts, twenty five samples with a sample size of five have been taken from the process. Table 1 shows the result of each subgroup fuzzy mean and fuzzy range calculation which obtained from (2) and (3). Fuzzy control limits were calculated based on (7) to (12) 
Proceedings of the 2014 IEEE IEEM To determine the process condition, the overall percentage of area (PA) for each sample point which remain outside the fuzzy control limits were calculated based on (13) and shown in Table 1 . If Ȗ is considered to be 0.6, it could be noted that in sample 10 and sample 11, the PA is greater than zero but less than Ȗ, so the process is rather-in-control. It must be investigated to see whether an assignable cause can be determined.
Analysis of the data from sample 10 and 11 indicate that the incoming commodity mass to the oven has been decreased due to the decreasing speed of former machine, and it causes increasing the steam mass in the oven. To compare the proposed fuzzy X R − control charts and Shewhart X R − control charts which are already applied by the company for monitoring the quality, the mean value of fuzzy observations is calculated based on (14) as the crisp value to construct the Shewhart X R − control charts. 
Interested readers can refer to Carlsson and Fuller [28] for more information on mean and expected value of fuzzy numbers. Fig. 2 shows the Shewhart X R − control charts for the crisp observations. As the entire sample points are plotted between the control limits, so there is no indication of an out-of-control condition and it concluded that the process is in-control, while the fuzzy X R − control charts which consider uncertainty due to fuzziness in addition to uncertainty due to randomness indicate the process is rather-in-control at the time of sample 10 and 11. It shows that, applying fuzzy control charts which use more information from the process help company to improve the quality of the chicken nuggets and also increase its productivity.
V. CONCLUSION
Fuzzy control charts could be used to monitor the processes with uncertainty due to vagueness, ambiguity and/or imprecise observations. In this study, a fuzzy X R − control charts which their control limits are triangular fuzzy numbers are constructed based on fuzzy triangular observations. Instead of using transformation or defuzzification techniques to determine the process condition, a direct approach is proposed. It is based on the percentage of area (PA) of the sample mean which remains above the UCL or below the LCL . The proposed fuzzy control charts have been validated through a case study in chicken nugget Production Company and compared with the traditional Shewhart control charts which are already applied by the company for monitoring the quality. The comparison show that the proposed fuzzy control charts could detect the abnormal shifts more accurately than the traditional Shewhart control charts. It has lots of benefits for the company by improving the quality and increasing the productivity. Furthermore, the proposed fuzzy control charts can be also applied in other manufacturing industry.
A comparison study based on average run length to evaluate the performance of proposed approach using different level of Ȗ is suggested for further research. 5524189). Providing the appropriate information by B.A. Production Group and technical assistance by Abbas Peyman for conducting the case study are also truly appreciated.
